1. Introduction {#sec1}
===============

High-performance organic solar cells (OSCs) have demonstrated efficient photogeneration of charge carriers with \>90% quantum efficiencies,^[@ref1]^ but their power conversion efficiencies are still lower than those of their inorganic counterparts. This can mainly be attributed to their relatively low open-circuit voltages (*V*~oc~), compared to the optical bandgap, and their relatively low fill factors (FFs), especially for optically thick devices. The donor/acceptor interface in OSCs plays an important role in the photocurrent generation process as it provides the energy offset needed to dissociate the photogenerated excitons. The recombination at this interface dominates the loss of free charges and, hence, significantly affects *V*~oc~.^[@ref2]^ Several experimental techniques have been developed to quantitatively extract recombination rates in organic bulk heterojunction (BHJ) devices.^[@ref3]−[@ref5]^ For many high-efficiency OSC systems, it has been found that recombination occurs predominantly through bimolecular recombination. The experimentally measured recombination rates in BHJ devices were found to be several orders of magnitude smaller than those predicted by Langevin theory, which is the most commonly used model to describe bimolecular recombination in homogeneous organic materials.

The fundamental origin of such a reduced Langevin recombination rate is still under debate (see, e.g., ref ([@ref5])). To comprehend the foundation of this debate, it is useful to point out the starting point that is common to all explanation attempts: Onsager's description of bimolecular recombination.^[@ref6]^ It states that recombination involves two stages, each being associated with a rate: The *first rate* describes the likelihood that two oppositely charged particles meet and form a pair of Coulomb-bound charges. This process can be counteracted by a possible dissociation back into independent mobile charges. The *second rate* describes the subsequent recombination of the electron hole pair so that charge-neutral molecules in their ground state are restored. The multitude of suggested explanations stems from different assessments of the extents to which the two rates limit the net recombination. In the case that the first rate is limiting, the original Langevin theory applies.^[@ref6]^ This is certainly valid for most pristine organic materials because of their rather low charge-carrier mobilities. The fact, however, that the straightforward Langevin theory overestimates the recombination rates in BHJ devices indicates that bimolecular recombination at interfaces formed between two organic semiconductors calls for a substantially extended description.

A major line of research aims at clarifying the nature of the first encounter at the organic--organic interface^[@ref7]−[@ref10]^ and accepts that recombination occurs instantaneously after pair formation. That is, one assumes that mobile charges recombine directly. As a consequence, *V*~oc~ is determined from the difference of the associated transport energy levels, that is, the effective gap, *E*~DA~, measuring the offset between the highest occupied molecular orbital (HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor.^[@ref11],[@ref12]^

Another research direction is dedicated to a thorough assessment of the relative impact of the second rate.^[@ref13]^ This direction is currently gaining momentum because of increasing experimental evidence that the recombination process involves a charge-transfer (CT) state formed at the interface.^[@ref14],[@ref15]^ In strong contrast to the encounter-limited model, the open-circuit voltage was found to be determined by the energy, *E*~CT~, of this interface state.^[@ref2],[@ref16],[@ref17]^ Burke et al. recently suggested that reduced Langevin recombination implies the existence of an equilibrium between free carriers and populated CT states.^[@ref18]^ The necessary condition is that the redissociation rate of the populated CT states back to free carriers is several times larger than the recombination rate for the transition of the CT state into a neutral ground state, that is, the CT states dissociate several times before ultimately recombining. Assuming an equilibrium situation, the density of populated CT states can be related in a straightforward manner to *E*~CT~ and the quasi-Fermi levels of free carriers by a Boltzmann distribution. By deriving the interface recombination rate based on the CT state density for open-circuit conditions, one arrives at a concise equation that quantitatively relates *V*~oc~ to *E*~CT~. This equation successfully explains the observed dependence of *V*~oc~ on the interfacial energetic disorder, temperature, and dielectric constants.^[@ref18]^

In this work, we explore the applicability of Burke et al.'s model to other steady-state operating conditions of OSCs, namely, beyond open-circuit conditions, because the underlying quasi-equilibrium should hold under these conditions as well. By utilizing drift-diffusion simulations, we directly determined the participation of the CT state from the splitting between the quasi-Fermi levels of electrons and holes and analyzed its effects at each bias voltage. As this approach allows for the simulation of the full current--voltage characteristics, it can be used to predict the impact of the CT states on device parameters, such as the fill factor and the temperature-dependent open-circuit voltage.

2. Interface Recombination {#sec2}
==========================

Before we analyze the effects of interface recombination on device performance through drift-diffusion modeling, we first review the device physics of interface recombination.

2.1. Inorganic Model {#sec2.1}
--------------------

In the field of inorganic solar cells, interface recombination at the heterojunction has been studied extensively.^[@ref19]−[@ref22]^ Recombination in the bulk of inorganic solar cells is usually dominated by the Shockley--Read--Hall (SRH) process, which characterizes carrier recombination in terms of localized trap states.^[@ref23]^ Recombination through the interface states can be treated by an extension of the SRH formalism, adding two more recombination paths (represented by the red arrows shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) between electrons and holes of two adjacent semiconductors.^[@ref24]^ The addition of these paths is crucial in the case illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, where the dominant interface recombination pathway involves holes of semiconductor I and electrons of semiconductor II. Scheer systematically analyzed the impact of interface recombination paths on the *V*~oc~ values of heterojunction devices.^[@ref21]^ Generally, *V*~oc~ can be expressed as^[@ref21]^where *E*~a~ is the activation energy of the heterojunction diode, *q* is the electron charge, *A* is the ideality factor, *k* is the Boltzmann constant, *T* is the temperature, *J*~00~ is the reference current density,^[@ref25]^*J*~sc~ is the short-circuit current, and η(*V*~oc~) is the voltage-dependent collection function. The particular temperature dependence of [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} suggests a straightforward experimental way to determine the activation energy *E*~a~. The value of *E*~a~ corresponds to the intercept of the linearly extrapolated portion of the *V*~oc~--*T* plot to 0 K. The comparison between *E*~a~ and the semiconductor band gaps reveals the dominant recombination path within inorganic cells.^[@ref26]^ For instance, for the interface band alignment shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, *E*~a~ will be equal to the energy gap between *E*~c~(II) and *E*~v~(I) if interface recombination dominates over bulk recombination; otherwise, *E*~a~ will be equal to the smaller of the two semiconductor band gaps.

![Energy band diagrams of heterointerfaces for (a) inorganic solar cells and (b,c) organic solar cells. (a) Recombination in the bulk is Shockley--Read--Hall (SRH) recombination through localized trap states. *E*~c~ and *E*~v~ denote the energies of the conduction band and the valence band, respectively, of each material. The recombination at the interface consists of four paths: Two paths are SRH recombination between local carriers, and the other two SRH-like paths are between the electrons and holes from different sides of the interface (marked by red arrows). (b) Bimolecular recombination in the bulk of an OSC is described by Langevin theory (represented by green arrows). At the interface, two additional recombination paths (represented by red arrows, similar to the inorganic case) are illustrated. *E*~L~^A^ and *E*~H~^D^ denote the positions at the interface of the LUMO level of the acceptor and the HOMO level of the donor, respectively. The energy difference between *E*~L~^A^ and *E*~H~^D^ is the effective band gap, *E*~DA~, of the OSC. (c) Schematic illustration of interface recombination through CT states.](jp-2015-08936q_0002){#fig1}

2.2. Organic Model {#sec2.2}
------------------

In organic solar cells, losses in *V*~oc~ are known to be related to the properties of the donor/acceptor interface. However, also in OSCs, *V*~oc~ can be cast into an expression similar to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. Thus, *V*~oc~ ought to exhibit an explicit linear dependence on the temperature. Consequently, *E*~a~ can be obtained through an extrapolation approach similar to that in the inorganic case.^[@ref16]^ The remaining debate to be settled is whether *E*~a~ corresponds to the effective gap at the donor/acceptor interface, *E*~DA~ = *E*~L~^A^ -- *E*~H~^D^, or to the energy of the charge-transfer state, *E*~CT~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c).^[@ref12]^ The case associated with the effective gap is described by a reduced Langevin model, whereas the latter case demands the CT recombination model.

### 2.2.1. Langevin Model {#sec2.2.1}

For the low-mobility materials typically used in OSCs, free charge recombination in the bulk is well described by Langevin theory. The Langevin recombination rate *R*~L~ is expressed as^[@ref27]^where *n* and *p* are the densities of electrons and holes, respectively, and *n*~i~ is the intrinsic carrier density. The Langevin recombination prefactor β is given bywhere μ~n~ and μ~p~ are the carrier mobilities for electrons and holes, respectively, and ε = ε~0~ε~r~ is the permittivity of the material with ε~r~ being the dielectric constant. Staudigel et al. extended [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} to describe the recombination rate at the interface, *R*~int~, by introducing, similarly to the inorganic case ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), two additional bimolecular recombination pathways^[@ref28]^where the superscripts D and A denote the carriers located at the donor and acceptor sides, respectively, of the interface. Each of the two pathways is assumed to be characterized by an individual Langevin recombination prefactorwhere ε̅ is the average dielectric constant of the two adjacent organic layers. However, this formulation, initially proposed for organic light-emitting diodes, overestimates the recombination rates obtained for interfaces in OSCs.^[@ref5]^ To still allow analysis of the recombination rates in terms of Langevin theory, the Langevin reduction factor γ was introduced.^[@ref5],[@ref7]^

A typical arrangement of transports levels at the OSC interface is presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The first recombination term in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} (corresponding to an electron in the donor material recombining with a hole in the acceptor material) is negligible in comparison to the second term. Moreover, it is physically more reasonable to define recombination as a process aiming at re-establishing thermal equilibrium, that is, to subtract the intrinsic thermal generation rate to guarantee that the net recombination is zero at thermal equilibrium. Then, the recombination rate *R*~int~ for direct bimolecular recombination between electrons and holes at the interface is proportional to the carrier concentrations at the interface, *n*^A^ and *p*^D^, in excess of the corresponding equilibrium concentrations *n*~0~^A^ and *p*~0~^D^. To preserve a Langevin-type prefactor in the rate constant, the former must be multiplied by the reduction factor γ. Then, the rate *R*~int~ takes a final form

The value of γ has been empirically determined to adopt values between 10^--4^ and 10^--1^ in bulk heterojunction OSCs and to decrease with increasing temperature.^[@ref7]^ The evaluation of the temperature dependence of the open-circuit voltage, *V*~oc~, due to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} reveals an activation energy, *E*~a~, given by the effective donor/acceptor band gap *E*~DA~.^[@ref29]^

### 2.2.2. CT Model {#sec2.2.2}

In the scenario of interface CT states participating in recombination ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), free carriers meeting at the donor/acceptor interface will not be ultimately bound to form a CT state, nor will this CT state instantaneously recombine. Rather, the populated CT states can either dissociate back into free carriers or recombine directly to the ground state.^[@ref15]^ An apparently reduced Langevin recombination is consistent with the situation in which the CT states split back into free carriers several times before a single recombination occurs. It is possible to reach an equilibrium between the free carrier densities and the population of CT states, whose density, *N*~CT~, at the open-circuit voltage is given by^[@ref18]^where *f* is the volume fraction related to the mixing ratio, *N*~0~ is the effective density of states, and σ~CT~ is the standard deviation of the CT state energetic distribution. Based on *N*~CT~ given by [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}, the recombination loss through CT states can be written as *N*~CT~*/τ*~CT~, where τ~CT~ is the characteristic time with which the CT state decays to the ground state and that possess typical values between 100 ps and 10 ns.^[@ref18]^ Note that τ~CT~ must not be confused with the overall CT lifetime, τ~CT~^′^. The total rate of CT decay, 1/τ~CT~^′^ = *k*~r~ + *k*~sep~, is determined by the recombination rate into the ground state, *k*~r~ = 1/τ~CT~, and by the rate of splitting back into free mobile charges, *k*~sep~. Then, the open-circuit voltage *V*~oc~ is determined from the energy, *E*~CT~, of the CT state and can be written as^[@ref18]^where *L* is the total thickness of the OSC absorber. Remarkably, when an energetic disorder of σ~CT~ \> 0 is present, the dependence of *V*~oc~ on temperature is no longer linear, as for the case of direct bimolecular recombination. As pointed out in ref ([@ref18]), *E*~CT~ cannot be found simply by extrapolating the *V*~oc~(*T*) curve down to 0 K; rather, it is necessary to consider interfacial disorder when interpreting the *V*~oc~(*T*) data.

To explore the impact of CT-state-mediated recombination on the entire current--voltage characteristics, we modify [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} to account for any external bias. Inspired by the fact that the CT state is in equilibrium with free carriers,^[@ref18]^ we replace *qV*~oc~ with the splitting *E*~fn~*-- E*~fp~ of the quasi-Fermi levels for electrons, *E*~fn~, and holes, *E*~fp~, at the interface at each bias voltage. As a result, the net interface recombination rates through CT states for bilayer structures can be expressed as

3. Temperature Dependence of Interface Recombination {#sec3}
====================================================

As mentioned before, the determination of the temperature dependence of the open-circuit voltage is an important step in revealing the nature of interface recombination. To distinguish between the two proposed mechanisms, it is necessary to investigate which of the models is capable of reproducing the specific temperature dependence of the recombination. To that aim, experiments directly extracting the recombination rate as a function of temperature are an excellent starting point. Juška et al.^[@ref3]^ and Deibel et al. performed photo-charge extraction by linearly increasing voltage (photo-CELIV) experiments on polymer:\[6,6\]-phenyl-C~61~-butyric acid methyl ester (polymer:PCBM) blends^[@ref3],[@ref7]^ sandwiched between the indium tin oxide (ITO) and aluminum (Al) contacts.^[@ref7]^ These experiments reveal a recombination that is substantially reduced with respect to Langevin theory. The temperature-dependent reduction factor γ, which relates the actual interface recombination rate *R* to the Langevin recombination rate as *R* = γ*R*~L~, was found to decrease with increasing temperature.^[@ref7]^ This marked decrease with temperature cannot be ascribed to an encounter-limited recombination *R*~int~ ([eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}) occurring between uniformly distributed charges.^[@ref7]^ Rather, one has to assume temperature-dependent mobilities to recover at least the qualitative trend in temperature.^[@ref7]^

As many other experiments are also commonly evaluated in terms of a reduced Langevin recombination, it appears to be convenient to carry out the comparison between different recombination models in terms of the model-inherent reduction factor γ. Next, we demonstrate under which conditions it is indeed possible to cast model-dependent expressions for *R* into apparent reduction factors.

Even though not explicitly mentioned in ref ([@ref18]), the rate expression of the above-described CT model can be readily cast into a Langevin reduction factor γ. We elaborate this point as follows:

According to the Boltzmann distribution, the carrier densities satisfy the expressions *n* = *N*~0~ exp\[(*E*~fn~ -- *E*~L~^A^)/*kT*\] and *p* = *N*~0 ~exp\[(*E*~H~^D^ -- *E*~fp~)/*kT*\]. Hence, the quasi-Fermi level terms in [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} can be substituted by the respective carrier densities, and [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} can be rewritten aswhere *E*~b~ = *E*~DA~ -- *E*~CT~ is the binding energy of the CT state. Comparison of [eq [10](#eq10){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} with [eq [6](#eq6){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} allows us to assign the Langevin reduction factor γ~CT~ in the framework of the CT model to the expression

Thus, it is important to stress at this point that a reduced Langevin recombination rate ([eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}) readily occurs when assuming only that a CT state is involved in interface recombination as an intermediate step and that its population is in equilibrium with the free carrier concentration at each bias voltage.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} depicts the typical evolution of the reduction factor γ~CT~ for the CT model (open circles) as a function of temperature. To best accommodate the experimentally obtained γ--*T* dependence,^[@ref7]^ the parameters entering [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} were fitted to the experimental data assuming an effective medium with a mixing ratio of *f* = 1 and a vanishing disorder of σ~CT~ = 0. The γ~CT~ factors derived from the CT model inherently reproduce the desired reduction of γ~CT~ with increasing temperature, even without implicitly invoking a temperature-activated mobility.

![Temperature dependence behaviors of the Langevin reduction factor γ predicted by the continuum model^[@ref13]^ and the CT model.^[@ref18]^ Both curves are based on the parameters that fit the experimental γ--*T* data of ref ([@ref7]).](jp-2015-08936q_0003){#fig2}

However, it is important to keep in mind that the CT model becomes invalid at low temperatures. When going to low temperatures, the supply of carriers meeting each charge becomes scarce because of the profoundly reduced mobilities. This prevents the achievement of equilibrium between free charges and CT states. Rather, recombination becomes limited by the first encounter,^[@ref13]^ that is, the Langevin reduction factor approaches unity. Consequently, the gradient concentration model^[@ref7]^ relying on encounter-limited recombination reflects the low-temperature limit of γ correctly.

We illustrate the transition from a recombination mediated by an intermediate CT state to a recombination being diffusion-limited by means of the analytical continuum approach of Hilczer and Tachiya.^[@ref13]^ The underlying model is an extension of the Onsager model that explicitly considers the rates of formation, dissociation, and recombination of an intermediate state, and is, hence, expected to capture the general trend of recombination with temperature. Note that the CT model assigns this intermediate state to the interfacial CT state; consequently, the separation of the bound electrons and holes is inherently associated with the extension of the CT-state wave function. Hilczer and Tachiya^[@ref13]^ provided a general estimation for the binding energy *E*~b~^′^ of the intermediate state as a function of the separation of electron and hole in the bound state and the electric field. From that, they derived a recombination reduction factor γ~HT~ as^[@ref13]^where *k*~r~ describes the rate at which the bound electron--hole pair recombines into the ground state and *E*~b~^′^ = *q*^2^/4πε*R* is defined as the binding energy of the electron--hole pair, with *R* being the separation of the electron and hole. [Equation [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} significantly refines the most commonly used formulations^[@ref30],[@ref31]^ for organic solar cells that rely on the original models of Onsager^[@ref6]^ and Braun.^[@ref32]^ The temperature dependence of γ~HT~ as defined in [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} is plotted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (black line). As was done for the γ~CT~ case before, the values of the parameters entering γ~HT~, namely, *E*~b~^′^ and β(*k*~r~*R*)^−1^, were chosen to best reproduce the experimental reference data.^[@ref13]^

For low temperatures, γ~HT~ approaches unity, as expected for the diffusion-limited regime. However, at temperatures exceeding ca. 150 K, γ~HT~ exhibits a rapid decay with temperature that essentially coincides with the behavior of γ~CT~ versus *T*. In fact, it can be shown that γ~HT~ can be cast into the same functional form as γ~CT~ in the considered temperature range (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b08936/suppl_file/jp5b08936_si_001.pdf)). Then, the expressions for both γ~CT~ and γ~HT~ are consistent in that the exponential term containing the binding energy of the intermediate state, be that the CT state or the energy of the bound electron--hole pair, contributes to the temperature dependence of γ. However, the CT model contains a second *T*-dependent contribution given by the exponential factor exp{(σ~CT~^2^)/\[2(*kT*)^2^\]} related to the energy disorder σ~CT~. This factor contributes to a decrease in γ with increasing *T*, because elevated temperatures lead to an increasing population of CT states with lower binding energies.

Having established the qualitative trends, we now turn to a discussion of the quantitative values provided by the CT model. Fitting the experimentally obtained reduction factors^[@ref7]^ with [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} assuming temperature-independent mobilities, a mixing ratio of *f* = 1 in the blend, and a sharply defined CT-state energy (σ~CT~ = 0) gives a reasonable CT-state binding energy of *E*~b~ ≈ 0.12 eV. However, based on the β value given in ref ([@ref7]), the fitted value of τ~CT~ ≈ 400 ns at room temperature is larger than expected. One possible reason could lie in the simplifications that we made prior to parameter fitting against the experiment. In realistic BHJ devices, neither the temperature dependence of the charge mobilities nor the energetic disorder σ~CT~ and blend morphology can readily be omitted.

4. Drift-Diffusion Modeling {#sec4}
===========================

Despite the compelling evidence that CT states and their dynamics determine recombination, the disentanglement of possible contributions indirectly affecting interface recombination in BHJs remains difficult. It thus appears to be useful to turn to organic bilayer solar cells, for which bulk morphology, spatial disorder, and inhomogeneities in charge-carrier density and mobility are expected to play a subordinate role. In this section, we verify the applicability of the CT recombination model by incorporating it into drift-diffusion modeling and employ our modeling investigation to a simple bilayer OSC, in which the planar donor/acceptor interface is located at only one position. To focus our modeling investigations on the effects of interface recombination, we also simplify the consideration of other physical factors. For example, the mobility is assumed to be constant and independent of the temperature and the electrical field. Neither injection/extraction barriers at contacts nor SRH recombination occur in the device.

The bilayer system analyzed in this article is based on the system of pentacene and fullerene C~60~. The material parameters used in the simulations are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Modeling Parameters of a Bilayer OSC with a Structure of Glass/ITO (150 nm)/Pentacene (50 nm)/C~60~ (50 nm)/BCP (10 nm)/Al^[@ref33],[@ref34]^ [a](#tbl1-fn1){ref-type="table-fn"}

                                                  donor (pentacene)   acceptor (C~60~)
  ----------------------------------------------- ------------------- ------------------
  relative permittivity                           3.5                 4.4
  electron affinity (eV)                          3.3                 4.3
  band gap (eV)                                   1.9                 1.7
  effective density of states, *N*~0~ (cm^--3^)   10^21^              10^21^
  electron mobility (cm^2^ V^--1^ s^--1^)         10^--4^             10^--4^
  hole mobility (cm^2^ V^--1^ s^--1^)             10^--1^             10^--4^
  doping (cm^--3^)                                intrinsic           intrinsic
  exciton diffusion length (nm)                   65                  40

                                           top contact     bottom contact
  ---------------------------------------- --------------- ----------------
  work function (eV)                       5.4             4.2
  electron recombination velocity (cm/s)   10^7^ (ohmic)   10^7^ (ohmic)
  hole recombination velocity (cm/s)       10^7^ (ohmic)   10^7^ (ohmic)

                                   CT state at the interface
  -------------------------------- ---------------------------
  binding energy, *E*~b~ (eV)      0.15
  energetic disorder, σ~CT~ (eV)   0.05

ITO and BCP/Al at both contacts are treated as ohmic contacts, and their optical constants were used in the optical model to obtain the generation rates within the pentacene/C~60~ layers.

4.1. Numerical Implementation {#sec4.1}
-----------------------------

The numerical simulation in this work is based on a two-dimensional (2D) drift-diffusion model that solves three fundamental semiconductor equations (Poisson equation and current continuity equations for electrons and holes) and one additional exciton diffusion equation. These 2D partial differential equations are discretized by the finite-difference method using a five-point scheme^[@ref35]^ and an improved iterative algorithm that combines the advantages of Newton's method and Gummel's method.^[@ref36]^ At each iteration, the variables used for the next iteration are solved by the strongly implicit method, which presents a relatively high convergence speed.^[@ref37]^

The recombination in the bulk of OSCs is still described by the Langevin model according to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. The interface recombination, as described in either [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} without specifying the origin of γ or [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} assuming the involvement of the CT state, requires electrons from the acceptor side and holes from the donor side. In the special case of the bilayer solar cell, [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} is employed only at the donor/acceptor interface with a mixing fraction of *f* = 1. The associated density of the interface recombination current *J*~intR~ is given for the CT model bywhere Δ*d* is the distance between two adjacent donor/acceptor molecules at the interface. In our simulation, this molecular distance Δ*d* was estimated to be 1 nm. *J*~intR~ must be incorporated such that current continuity across the interface is guaranteed.

In terms of boundary conditions, the general surface recombination model is used at the contacts.^[@ref38]^ Throughout this work, we assume ohmic contacts that correspond to surface recombination velocities of 10^7^ cm/s for each carrier ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Zero exciton flow is taken as the boundary condition for the exciton diffusion equation. To obtain the photon distribution within the device, we employ the transfer matrix method, which considers internal reflections and transmissions between each layer.^[@ref39]^ The optical constants for each layer are based on reported values.^[@ref34],[@ref40]−[@ref42]^

4.2. Results and Discussion {#sec4.2}
---------------------------

### 4.2.1. Current--Voltage Characteristics {#sec4.2.1}

The drift-diffusion model provides a way to assess the implications of local, CT-state-based interface recombination for the macroscopic performance of the entire device, in particular for the current--voltage (*J*--*V*) characteristics. In this section, the effects of the interface recombination due to the CT model are analyzed and compared to the "plain" reduced Langevin recombination model given by [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows how the *J*--*V* characteristics evolve with varying Langevin reduction factor γ (solid lines) and for CT-state-mediated interface recombination according to [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} with different τ~CT~ values (dashed lines). It is readily evident that, in both cases, the *J*--*V* curves change considerably within the given parameter range. Considering typical *V*~oc~ values for the bilayer pentacene/C~60~ OSC (∼0.37 V),^[@ref43]^ we identified corresponding γ values of around 10^--2^ or τ~CT~ values between 1 and 10 ns from the set of curves displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (dashed box). The *J*--*V* curves associated with these γ and τ~CT~ values excellently match the experimentally determined characteristics^[@ref43]^ in the power quadrant in terms of *J*~sc~ and *V*~oc~ alone. (The fill factor was somewhat overestimated for the ideal assumption of ohmic contacts.) Moreover, the determined γ and τ~CT~ values are in good agreement within their reported ranges mentioned in [section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"} and are also consistent when related to each other using [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}. The *V*~oc~ values obtained from the simulation match exactly the values predicted with [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}.

![*J*--*V* curves simulated by a plain reduced Langevin recombination model for different values of γ (solid lines) and by the CT model with different values of τ~CT~ (dashed lines with symbols). Interface recombination is absent for γ = 0 and almost zero for τ~CT~ = 1 s. The dotted box shows the range of experimental *V*~oc~ values reported for the bilayer pentacene/C~60~ OSC.^[@ref43]^](jp-2015-08936q_0004){#fig3}

As seen from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the open-circuit voltages and, thus, device efficiencies increase when reducing the interfacial recombination rates. According to the empirical expression for the fill factor,^[@ref44]^ FF is expected to show the same trend as *V*~oc~ as long as the series resistance and the shunt resistance do not vary significantly. This is indeed the case here, except in the situations in which interface recombination is entirely absent (γ = 0 and τ~CT~ = 1 s in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}); then, the FF drops abruptly and an S-shaped *J*--*V* curve appears ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

We attribute the occurrence of the S-shape to the large band offsets at the interface. According to the parameters in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, these offsets amount to 1.0 eV between LUMO levels of pentacene and C~60~ and to 0.8 eV between the HOMO levels. To illustrate the origin of the S-shape, we plot in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b the spatial dependence of the transport levels, the quasi- Fermi levels (a), and the carrier concentration perpendicular to the electrodes (b) for a large forward bias voltage of 0.8 V, i.e., a bias near the built-in voltage. With the donor layer depicted in the left half and the acceptor in the right half, the photogenerated holes travel from the donor/acceptor interface located at the center at 50 nm to the left, while electrons move from the center to the right; accordingly, the photo current is oriented from the right to the left ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). At biases near or exceeding the built-in voltage, the photogenerated charges exit the device essentially due to diffusion (process I in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) as the electric field is either very small or oriented such that its counteracts the motion of photogenerated carriers to the collecting contacts. If interface recombination is absent, there is essentially one interface-related current contribution that counteracts the photocurrent, schematically illustrated as process **II** in the right panels of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. Mobile charges located at the interface can surmount the barrier associated with the LUMO and HOMO offsets, be that due to diffusion or a thermally activated hopping process. Consequently, such charges travel in a direction opposite to the desired one. If, as indicated earlier, the offsets ΔLUMO and Δ*H*OMO between the transport levels are rather large, i.e., in the order of the build-in voltage ≈ *q*^--1^*E*~DA~, the likelihood of overcoming the barriers is very small.

![(a) Energy band diagram and positions of the quasi-Fermi levels in the bilayer OSC at 0.8 V under illumination in the absence of interface recombination. (b) Carrier profiles at 0.8 V under illumination without considering interface recombination. Shown are the carrier concentrations for a large LUMO offset, ΔLUMO = 1.0 eV (solid lines), and a considerably smaller LUMO offset, ΔLUMO = 0.5 eV (dotted lines). The dotted boxes highlight the corresponding charge densities at the interface that give rise to a dipole layer. (c) Schematic illustration of loss processes at the donor/acceptor interface for external biases close to or larger than the built-in voltage. The left panel depicts the situation with interface recombination, whereas the right panels show the situation without interface recombination and substantial band offsets.](jp-2015-08936q_0005){#fig4}

This causes a strong accumulation of carriers of opposing polarity at each side of the interface, as can be seen from the carrier concentrations (solid lines) in the boxed region in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, and gives rise to a dipole layer associated with a large dipole density. Such accumulated interface charges cause a rapid change in the electrostatic potential at the interface. In the limiting case of a point-dipole layer, one would observe an abrupt step-like potential jump (indicated as dashed line in center panel of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Due to the superimposed dipole-layer potential, the modified energy of transport levels at the interface, shown as purple line in right panel of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, gives rise to an effectively reduced level offset.^[@ref45]^ The numerical simulation also verifies this by revealing that ΔLUMO in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a is reduced by ∼0.16 eV. The correspondingly enhanced loss process **II** gives rise to a reduced net current and, thus, to a lower FF.^[@ref46]^

When we keep neglecting interface recombination and artificially reduce the band offsets to values smaller than 0.5 eV (by increasing the electron affinity of the donor), carriers can surmount the barriers at the interface much more easily (dotted lines in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) and, in doing so, prevent a marked accumulation at the interface; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b indicates that the charge density drops by 3 orders of magnitude in the dotted region (cf. dotted and solid lines). Thus, the current contribution due to loss process **II** will not be boosted in this bias region and the *J*--*V* curve will retain a diode-like shape.

Alternatively, also the incorporation of interface recombination, indicated as process **III** in the left panel of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, prevents a profound accumulation of charges at the interface, in particular for large forward biases. Thus, process **II** will not be accumulation-activated and the *J*--*V* curve will keep a large FF.

### 4.2.2. Temperature-Dependent *V*~oc~ {#sec4.2.2}

Having established the shape of the *J*--*V* curve for relevant CT life times, we are also able to extract the temperature dependence of the open-circuit voltage due to interface recombination through CT states directly from drift-diffusion simulations. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} compares the resulting evolution of *V*~oc~ as a function temperature to other interface recombination scenarios.

![Temperature dependence behaviors of *V*~oc~ obtained from three different models relying on the parameters for the pentacene/C~60~ solar cell (cf. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}): no interface recombination (open circles), reduced Langevin recombination assuming a single-step bimolecular interface recombination with γ = 0.01 (squares), and CT-state-mediated recombination with τ~CT~ = 10 ns and σ~CT~ = 50 mV (solid circles). *E*~g~(A) denotes the acceptor band gap, which is smaller than the donor band gap. *E*~DA~ is the donor/acceptor effective band gap.](jp-2015-08936q_0006){#fig5}

As indicated in [section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}, inspection of the experimentally obtained *V*~oc~--*T* relations yields important clues to the nature of interface recombination. In essence, the identification of the relevant interface recombination mechanism is guided by two questions: First, one has to discriminate between linear and nonlinear behaviors. In a second step, the value of the extrapolated activation energy hints at the characteristic energy in the system and, thus, the dominant processes involved in recombination.

For example, the absence of interface recombination yields a linear relation (open circles in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The activation energy, *E*~a~, corresponds exactly to *E*~g~(C~60~), that is, the band gap determining bulk recombination. Once interface recombination is present, it is found to dominate the current near open-circuit conditions. Thus, the open-circuit voltages extracted from the simulated *J*--*V* curves agree with the values due to one-step bimolecular recombination ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) and the CT model ([eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}), respectively. To date, the indicators associated with each of the interface recombination scenarios have been experimentally observed.

In the case of the one-step bimolecular recombination, we expect linear *V*~oc~-*T* relation according to the theoretical discussion in [section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}. Extrapolation leads to an activation energy *E*~a~ that corresponds to the effective band gap *E*~DA~ (squares in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Indeed, such a behavior has been reported for bulk heterojunction solar cells made of a multitude of different small molecule donor/acceptor pairs.^[@ref12]^ For each of these devices, a linear *V*~oc~--*T* relation was obtained within the measured temperature range. The extrapolated activation energy agreed, within error bars, with the value of *E*~DA~ obtained from the difference in the measured acceptor electron affinity and donor ionization potential.^[@ref12]^

The CT model, on the other hand, gives rise to a small deviation from the linear *V*~oc~(*T*) relation. Nor does the extrapolation of the curve to 0 K yield *E*~CT~ (compare position of arrow and solid circles in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Only for a vanishing energetic disorder, σ~CT~ = 0 meV, does *E*~a~ = *E*~CT~ ; otherwise, the much more likely case of energetic disorder of the CT state^[@ref18]^ (σ~CT~ = 50 meV was used in this simulation) causes a sublinear decrease of *V*~oc~ with increasing temperature. Such nonlinear behavior has been observed in polymer donor:PCBM blends,^[@ref16]^ for which the measured, apparently temperature-dependent *E*~CT~ is actually given by *E*~CT~ -- σ^2^/2*kT*.^[@ref18]^

It is difficult to find an overall rationale for the apparently opposing outcomes of the two experiments in refs ([@ref12] and [@ref16]), in particular, because there is no hint whether a certain type of recombination prevails for a specific material combination. This inspired us to closely inspect the *V*~OC~--*T* measurements put forward in refs ([@ref12] and [@ref16]) once more. Considering the fingerprint of recombination mechanisms collected above, it appears to be crucial to carefully identify the temperature range in which (i) a nonlinear behavior can be safely distinguished from a linear one and (ii) both recombination models are valid. We illustrate this assessment in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Inspecting *V*~oc~ determined for *T* \> 150 K within the CT model, we clearly identify the nonlinear decrease. However, when considering the smaller temperature interval of 200 \< *T* \< 300 K, the relation is apparently linear and would support picking the wrong mechanism. On the other hand, the CT model fails when going to too low temperatures, i.e., in our case below 150 K (cf. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Then, the extrapolation incorporating values from such a low temperature leads to an erroneous activation energy.

### 4.2.3. Impact of the Mixing Ratio at the Donor/Acceptor Interface {#sec4.2.3}

In the previous section, we discussed a bilayer OSC with a perfectly ordered donor/acceptor interface containing a volume fraction of *f*~int~ = 1. The CT recombination model allows one to probe the impact of different degrees of donor/acceptor mixing at the interface on the performance of a bilayer solar cell. In the spirit of Haerter et al.,^[@ref47]^ the degree of donor/acceptor mixing is tuned by varying the volume fraction *f*~int~ in the range of 0--1.

Reducing the active interface directly affects the interface recombination rate ([eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}) and the rate of exciton dissociation through CT states, as both quantities are proportional to *f*~int~. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a depicts the evolution of the *J*--*V* characteristics with decreasing *f*~int~. Reducing the value of *f*~int~ from 1 by 3 orders of magnitude gives rise to an increase in *V*~oc~ due to an increasingly suppressed interface recombination (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). At the same time, the short-circuit current *J*~sc~ decreases as the exciton dissociation through CT states is reduced. Remarkably, when *f*~int~ is reduced even further (i.e., *f*~int~ \< 10^--3^), *J*~sc~ becomes strictly proportional to *f*~int~. That is, sites that are able to dissociate excitons become so scarce that only the fraction of excitons corresponding to *f*~int~ is split. In accord with [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}, this gives rise to an almost constant value of *V*~oc~ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b).

![(a) *J*--*V* curves for different degrees (*f*~int~) of donor/acceptor mixing at the interface of the bilayer solar cell shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. (b) *V*~oc~ and *J*~sc~ modeled with different values of *f*~int~.](jp-2015-08936q_0007){#fig6}

5. Conclusions {#sec5}
==============

In this work, we explore the impact of the recombination model suggested recently by Burke et al.,^[@ref18]^ in which interface recombination is a two-step process involving a charge-transfer state, on the *J*--*V* characteristics of organic solar cells. Toward that aim, we extended the model such that it can be employed also when operating the solar cell at external biases other than *V*~oc~. We demonstrate that the involvement of the intermediate CT states is a plausible origin of the apparently reduced Langevin recombination. The characteristic temperature dependence of the corresponding Langevin reduction factor γ is predominantly determined by the binding energy of the electron and the hole bound in the CT state and the spread of the CT-state energies due to disorder. Even when temperature-independent mobilities are assumed, the reduction of γ with increasing temperature can be qualitatively reproduced. For a quantitative prediction, however, additional knowledge about (at least) the actual temperature dependence and the degree of disorder in the CT-state energies is required. Moreover, for *T* \> 150 K, the predicted evolution of γ--*T* coincides with the continuum model of Hilczer and Tachiya.^[@ref13]^

Once incorporated in device simulations, the model allows realistic *J*--*V* curves of bilayer OSCs to be quantitatively reproduced. It further demonstrates that the CT recombination model leads to qualitatively similar *J*--*V* curves as the reduced Langevin recombination model relying on encounter-limited bimolecular recombination. In both models, the interface recombination is shown not only to determine *V*~OC~, but also to affect the fill factor.

Future work will include the experimental determination of interface recombination in bilayer OSCs to further develop the theory presented in this article. Furthermore, the 2D drift-diffusion model presented here will be adapted to enaing of ble the model BHJ devices by taking bulk morphology effects into account.

Derivation of an approximate Langevin reduction factor for the continuum model of Hilczer and Tachiya^[@ref13]^ The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.5b08936](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.5b08936).Derivation of the Langevin reduction factor from Hilczer and Tachiya's continuum method ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b08936/suppl_file/jp5b08936_si_001.pdf))
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